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examination  of  dynamic  fracture  in  iron,  low  carbon  steel  and  high 
purity  Al-Cu-Mg  alloy  under  biaxial  strain  conditions  showed  that  in  Ferrovac 
E iron  and  high  purity  alloys,  dynamic  fracture  is  associated  with  inter- 
granular failure.  In  commercial  alloys, however,  dynamic  fracture  occurs  by 
void  generation  at  brittle  second  phase  impurity  particles,  and  the  subsequent 
void  interconnection. 

Static  and  dynamic  tests  on  thin  walled  cylinders  indicate  that  dynamic 
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pre-straining  has  negligible  effect  on  the  strain  at  failure  in  6061-T4 
aluminum,  but  reduces  the  failure  strain  in  copper,  the  latter  result 
possibly  due  to  the  Increased  yield  strength  caused  by  d3mamic  loading. 
In  specimens  dynamically  loaded  to  failure  plastic  instability  occured 
at  the  same  strain  value  as  that  of  the  static  case. 
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Problem  Statement 


The  ability  to  predict  the  ductile  failure  of  materials  subjected  to 
high  strain  rate  deformation  is  limited  at  present  by  the  lack  of  under- 
standing of  the  underlying  mechanism  or  combination  of  mechanisms  that 
account  for  the  initiation  of  fracture.  Earlier  studies  have  pointed  to 
the  Importance  of  void  formation  and  decohesion  on  the  fracture  process. 

One  of  the  problems  considered  in  this  project  was  to  determine  the  inflb- 
ence  of  alloy  purity  and  metallurgical  parameters  such  as  grain  size  and 
precipitation  processes  on  the  initiation  of  Internal  voids  or  cracks.  The 
other  aspect  of  the  program  relates  to  the  incorporation  of  Information 
about  the  microscopic  initiation  process,  into  a continuum  model  that  could 
be  used  to  predict  the  onset  of  failure  when  either  a stress  or  strain 
history  was  determined  for  the  material.  The  work  carried  out  in  this 
project  therefore  combined  approaches  embracing  both  the  continuum  and 
metallurgical  aspects  of  the  fracture  process. 

Approach 

The  specimens  used  in  the  experimental  part  of  this  project  were  of 
two  distinct  types.  In  the  metallurgical  study  the  specimens  were  thick 
hollow  cylinders,  while  in  the  continuum  study  thin  walled  tubes  or  cyl- 
inders were  employed.  In  each  case  the  loading  mechanism  was  an  exploding 
wire  system. 

The  experimental  techniques  used  in  the  loading  of  the  thick  cylinders 
were  developed  in  earlier  studies,^  and  the  geometry  was  such  that  by 

^Schmidt,  R.  M.  and  Fyfe,  I.  M. , "An  Examination  of  Dynamic  Fracture  Under 
Biaxial  Strain  Conditions,"  Exper.  Mech. , 163,  April  1973. 
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varying  the  thickness  of  the  cylinder  wall,  the  stress  history  in  the  speci- 
men could  be  controlled.  In  this  way  it  was  usually  possible  to  create 
either  a spallation  type  fracture  in  which  the  fracture  surface  was  concen- 
tric to  the  axis  of  the  specimen  at  a constant  radius,  or  a fracture  pattern 
composed  of  radial  cracks.  A variety  of  iron-base  materials  and  precipita- 
tion hardenable  aluminum-base  alloys  were  studied  using  optical  and  scanning 
electron  microscopy  to  examine  the  Influence  of  microstructural  features  on 
the  fracture  mechanism. 

The  thin  cylinder  continuum  tests  were  designed  as  part  of  this  study 
to  provide  a simple  plane  stress  condition  under  either  dynamic  or  static 
loading.  To  achieve  this  the  thickness  of  the  specimen  was  matched  to  the 
rise-time  of  the  loading  pulse  to  prevent  tensile  stresses  through  the  thick- 
ness of  the  specimen.  The  purpose  of  these  tests  were  to  provide  information 
needed  in  an  analysis  of  the  stress  field  just  prior  to  fracture  under  dynamic 
conditions.  In  particular,  the  necessary  parameters  required  were,  the  time 
to  failure,  the  stress  loading  history  of  the  material,  and  possible  strain 
rate  dependency  of  the  fracture  process.  The  experimental  techniques  used 
in  these  studies  are  described  elsewhere.^  The  analysis  of  the  experiments 
were  carried  out  with  a plane  stress  finite-element  elastlc/vlscoplastlc 
program  whose  input  was  the  stress  history  supplied  from  the  experiments. 

The  type  of  Initiation  mechanism  used  was  obtained  from  the  metallurgical 
studies. 


^Fyfe,  I.  M.,  "The  Influence  of  Strain  Rate  on  Dynamic  Loading,"  Proceedings 
2nd  International  Conference  on  Mechanical  Behavior  of  Materials,  Boston, 
1976. 
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Results 


The  dynamic  fracture  of  iron  and  low  carbon  steels  has  been  found  to 
depend  on  purity,  grain  size,  and  the  presence  of  brittle  second  phase 
particles.  The  fracture  of  Ferrovac  E iron  specimens  is  characterized  by 
predomlnanatly  intergranular  microcracks  for  grain  sizes  over  the  range 
from  40  to  200  microns.  In  contrast  to  this  behavior  predominantly  trans- 
granular  microcracks  were  observed  to  initiate  at  carbide  particles  and 
inclusions  in  0.2%  carbon  steel  of  varying  microstructure;  specimen  fail- 
ure under  these  conditions  occurs  by  a radial  cleavage  fracture  mode  rather 
than  by  the  generation  of  voids  leading  to  the  process  of  spallation.  The 
susceptibility  to  dynamic  fracture  increases  with  increasing  grain  size  in 
0.2%  carbon  steel  exhibiting  ferrlte-pearlite  microstructures.  The  con- 
trasting intergranular  cracking  behavior  in  Ferrovac  E iron  results  in 
brittle  behavior  leading  to  complete  fragmentation  under  dynamic  loading 
conditions,  whereas  extensive  ductility  is  observed  in  the  same  material 
during  slow  tensile  testing.  The  intergranular  failure  in  Ferrovac  E has 
been  attributed  to  chronium-rich  and  nickel-rich  inclusions  at  the  bound- 
aries and  to  thin,  discontinuous  films  of  grain  boundary  cementite  which 
were  detected  on  some  of  the  fracture  surfaces;  it  is  therefore  suggested 
that  the  segregation  of  trace  impurities  accounts  for  the  intergranular 
fracture  mode. 

Armco  iron  cylinders  exhibit  a radial  fracture  mode  that  has  been 
identified  with  the  sensitivity  of  this  material  to  stress  intensification 
at  internal  flaws  associated  with  nonmetallic  inclusions.  Armco  exhibits 
limited  void  generation  due  primarily  to  interphase  decohesion  between  MnS 
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inclusions  and  the  ferrite  matrix.  The  low  density  of  such  voids  and  the 
limited  capability  of  the  matrix  for  localized  shear  deformation  preclude 
the  void  interconnection  necessary  for  spall  fracture.  The  failure  process 
is  primarily  cleavage  fracture  proceeding  in  the  radial  and  longitudinal 
directions.  The  elongation  and  the  flattening  of  sulphide  Inclusions  during 
hot  working  leads  to  the  formation  of  sharp,  cusp-shaped  voids  at  the  tips 
of  the  inclusions.  These  cusps  can  act  as  points  of  stress  Intensification 
for  the  initiation  of  crack  propagation,  particularly  at  particles  where 
void  formation  is  also  occurring.  The  results  indicate  that  the  fracture 
behavior  of  materials  having  limited  capacity  for  plastic  flow  under  dynamic 
conditions,  such  as  Armco  Iron  and  low  carbon  steels,  is  controlled  by 
cleavage  crack  propagation  rather  than  by  void  nucleation  and  interconnection. 

Dynamic  experiments  were  also  conducted  on  a high  purity  Al-Cu-Mg  alloy 
in  which  the  concentration  of  these  elements  corresponded  to  the  commercial 
2024  alloy  composition.  The  high  purity  alloy  was  relatively  free  from  the 
Inclusions,  and  brittle  second  phase  impurity  particles  that  account  for  the 
origin  of  microvoids  during  the  dynamic  loading  of  commercial  aluminum  alloys. 
Hlcrovoid  initiation  and  the  process  of  spallation  are  confined  almost  exclu- 
sively to  grain  boundary  sites  in  the  high  purity  alloy.  Mocrostructural 
studies  Involving  optical  and  scanning  electron  microscopy  techniques  have 
revealed  the  occurrence  of  Intergranular  sliding  and  shear  In  the  matrix 
adjacent  to  the  fracture  surface.  The  extensive  flow  observed  In  conjunction 
with  the  grain  boundary  void  configurations  points  to  the  Importance  of 
localized  shear  as  the  most  plausible  mechanism  for  void  Interconnection 
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leading  to  spall  fracture.  The  predomlnace  of  intergranular  fracture 
results  in  a "jagged"  spall  pattern  rather  than  a well-defined  spall  sur- 
face. These  studies  showed  that  any  significant  differences  in  the  dynamic 
fracture  behavior  between  solution  treated  alloys  and  those  that  have  been 
aged  to  either  peak  hardness  or  the  overaged  condition  are  overshadowed 
by  the  predomlnace  of  grain  boundary  fracture.  The  fact  that  the  initia- 
tion of  voids  was  confined  to  the  grain  boundary  regions  has  been  inter- 
preted as  an  indication  that  spallation  failure  is  nucleatlon  controlled 
where  the  material  is  relatively  free  from  the  brittle  second  phase  particles 
essential  for  the  Initiation  of  voids  at  sites  within  the  grains. 

T inuum  study  examined  the  failure  of  thin  cylinders  under 

both  liid  dynamic  loading  conditions  by  conducting  a series  of  tests 

in  which  the  strain  at  failure  was  measured.  The  measured  strain  value 
was  the  hoop  strain  in  the  cylinder  some  distance  from  an  artiflcally 
Induced  flaw  in  the  specimen,  and  failure  was  defined  as  the  condition 
in  which  the  specimens  could  no  longer  support  any  Internal  fluid  pressure. 

A comparison  of  the  strain  at  failure  between  the  static  and  dynamic  tests 
showed  that  the  strain  at  failure  in  the  dynamic  case  was  considerably 
greater  in  both  aluminum  and  copper  specimens  (see  Ref.  2).  Subsequent 
tests  at  different  strain  rates  showed  only  a slight  decrease  in  the  ratio 
between  the  dynamic  and  static  strains  with  lower  strain  rate  levels.  An 
additional  series  of  tests  were  designed  in  which  the  specimens  were  loaded 
partially  at  a high  strain  rate,  and  then  to  failure  under  quasi-static 
loading  conditions.  These  results  are  presented  in  Figs.  1 and  2.  From 
these  tests  it  can  be  seen  that  if  the  dynamically  induced  plastic  pre-strain 


was  less  than  the  strain  at  failure  under  static  conditions  subsequently 
static  loading  resulted  in  failure  at  approximately  the  same  strain  as  for 
the  purely  static  tests.  However,  if  the  dynamic  loading  resulted  in 
plastic  pre-strain  somewhat  greater  than  the  failure  strain  which  occurs 
under  purely  static  loading,  the  cylinder  did  not  fall.  The  subsequent 
static  portion  of  the  test  required  that  the  load  be  sufficient  to  cause 
the  cylinder  to  again  reach  the  yield  stress.  It  was  also  observed  from 
these  tests  that,  regardless  of  the  loading  rate,  plastic  Instability 
occurred  in  the  vicinity  of  the  flaw  at  approximately  the  same  strain  level. 

From  the  above  tests  it  can  be  concluded  that  although  the  results 
presented  in  Ref.  2,  and  in  other  reports  related  to  dynamic  fracture 
are  essentially  correct,  they  can  be  misleading  as  to  the  role  played  by 
strain  rate  on  the  fracture  process.  If  failure  Is  redefined  as  the  onset 
of  plastic  instability  in  the  vicinity  of  the  flaw,  then  the  differences 
between  static  and  high  strain  rate  loading  (e  ^ 1 x 10**  sec“^)  to  failure 
are  greatly  reduced.  Variations  in  the  yield  stress  and  strain  values  at 
failure,  evident  In  Figs. 1 and  2,  could  be  due  to  either  loading  path  dif- 
ferences between  the  static  and  dynamic  tests,  or  the  strain  rate  depen- 
dency of  the  material.  As  both  of  these  are  not  necessarily  connected  to 
the  failure  process,  they  do  not  alter  the  conclusion  reached  above,  but 
do  play  Important  roles  In  dynamic  fracture  analysis.  It  Is  suggested 
that  differences  In  the  loading  path  between  the  static  and  dynamic  tests 
could  be  eliminated  by  using  ring  specimens  to  replace  the  thin  cylinders. 
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Fig.  1 Static  Pressure  Loading  to  Failure  of  Thin  Walled  Aluminum 
Cylinders: x static  only;  x dynamic  prestrain 
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